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Abstract 

In this paper we present a study of two differ- 
ent types of micro reference electrodes with re- 
spect to electrochemical performance, stability 
and whole wafer processing compatibility. The 
first reference electrode consists of an already 
reported porous silicon membrane as quasi open 
liquid junction, a micro-machined cavity in the 
silicon substrate filled with a KC1 solution and a 
Ag/AgCl wire which is in contact with this solu- 
tion. It exhibits promising results with respect 
to stability and lifetime due to the very small 
pores. However, a sufficient uniformity over the 
wafer requires a particular care due to the criti- 
cal control of the electrochemical HF etching 
procedure. 

The second reference electrode is a less compli- 
cated design but involves special requirements on 
the internal electrolyte. In this structure, an an- 
isotropically etched cavity is made through the 
wafer, thus contacting the solutions at both sides. 
The efflux of the internal electrolyte is in this case 
limited partly by the small opening at one side of 
the wafer, and by the incorporation of the internal 
electrolyte in a hydrogel, which strongly reduces 
its diffusion. 

Theoretical calculations and electrochemical 
measurements are used to correlate the electrolyte 
leakage, electrode potential drift and electrode 
impedance with each other. With the reduction of 
the diffusion coefficient of the inner electrolyte 
ions in the hydrogel, sufficient stability can be 
obtained. Our results indicate that an integrated 
reference electrode with an internal volume of 
0.1 ~1 and with a drift of less than 10 pV/h is 
feasible. The technologies of these two designs are 
compared in terms of process compatibility and 
electrochemical behavior. 

Introduction 

Since the introduction of the ISFET, the con- 
struction of an appropriate micro reference elec- 
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trode has been a lasting concern. During the years 
several propositions have been made to solve this 
problem. One approach has been to construct a 
pH-insensitive FET, a so-called REFET [l-3]. 
Operated in a differential mode with a pH-ISFET, 
these devices were thought to diminish at the same 
time the ISFET drift, and light and temperature 
sensitivity. However, for these devices a s&i- 
ciently low pH sensitivity and a satisfying stability 
could not be achieved simultaneously. An alterna- 
tive approach was to miniaturize a conven- 
tional Ag/AgCl type reference electrode [4,5]. 
In the proposition of Prohaska et al. [4] the 
electrolyte is contained in a very small chamber 
(V N 2 x lo- I2 l), whereas the liquid junction con- 
tact is made via a small pore (4 = 10 pm). 

Recently, another approach of a miniature liq- 
uid junction reference electrode has been proposed 
by Yee et al. [6]. In this structure a micro- 
machined cavity is used as the internal electrolyte 
reservoir, while a porous glass plate is used to 
restrain the electrolyte leakage. However, this 
structure is not completely realizable on wafer 
scale with IC compatible methods. Also, unfortu- 
nately no details are given concerning lifetime and 
electrode resistance. 

Another proposition, presented by us [5], also 
uses an anisotropically etched cavity in silicon as 
the reference electrode volume (V 1: 0.1 pl), and a 
porous silicon membrane to restrain the KC1 
efflux (Fig. la). With this structure we have 
obtained good results with respect to long-term 
stability and insensitivity to pH and KC1 concen- 
tration. 

Nevertheless, the wafer-scale production poses 
special demands on the applied technology. Espe- 
cially the concentrated HF etch has required the 
use of a special masking material. In this paper we 
will present a technology for whole-wafer produc- 
tion of these integrated reference electrodes 
(IREs). 

An alternative structure is proposed in the 
form of an anisotropically etched cavity through 
the wafer, which is in contact with the sample 
solution via a small opening (Fig. l(b)). In this 
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Fig. 1. (a) Schematic representation of a porous silicon mem- 
brane. (b) Schematic representation of a microcavity. 

structure the electrolyte leakage is limited by the 
use of a hydrogel, which is known to be able to 
decrease the diffusion coefficient of the ions by a 
factor of 500 with respect to water [7]. 

For both structures, an important problem is 
to predict the long-term stability (and thus the 
lifetime) of the micro reference electrode. One 
might, for instance, doubt whether a micro refer- 
ence electrode with an internal volume of O.l- 
1.0 ~1 might give a sufficient long-term stability. If 
the internal volume is filled with a concentrated 
KC1 solution, the main factor determining the 
stability is the efflux of the internal solution to the 
sample solution. By this process the internal Cl- 
ion concentration decreases, resulting in a varia- 
tion of the potential of the internal Ag/AgCl 
electrode. It is clear that this leakage is most 
pronounced in the case of leakage into a KC1 free 
solution. 

For micro-pipette reference electrodes, it has 
been shown that an electrolyte leakage as low as 
lo-l5 mol/s is possible, corresponding to a tip 
resistance of 115 MR [8]. In this paper we will 
investigate both theoretically and experimentally 
the relation between cavity structure, pore open- 
ing, micro-electrode resistance and long-term 
stability. 

Theory 

Porous Silicon Membranes 
If we consider the pores in a porous silicon 

membrane as parallel channels, the resistance 
of such a membrane can readily be calculated. 
Taking a membrane with porosity p (p = etched 
volume/unetched volume), thickness d and area 
A, which is immersed in a KC1 solution of concen- 
tration C, the resistance R can be expressed as 
(see Fig. l(a)) 

R=d- 1 

PA C&w 
(1) 

where AKC, is the molar conductance of the KC1 
solution. The initial efflux of Cl- ions out of the 
internal volume V with concentration C to a 
chloride free solution (worst case situation) is 
given by 

dC 1 APC 
- =+,Apz =D,,= 
dt 

(2) 

with D,, being the diffusion coefficient of Cl- .ions 
in water. The potential of the Ag/AgCl electrode 
is related to the Cl- concentration in the volume 
V according to 

E Ag/AgCl = J% - !$ In c (3) 

so that the initial variation in time of the electrode 
potential due to Cl- loss is given by 

dEAg,Aga RT 1 dC =_---_= 
dt 

-257mVxdC 
FCdt * dt (4) 

at 25 “C for 1 M KCl. In order to have an idea of 
the dimensions, we have listed in Table 1 the 
calculated membrane resistances, initial concen- 
tration variations and potential derivatives for a 
membrane with thickness d = 50 pm, area 
A = 140 x 140 pm*, and different porosities p for 
different cavity volumes V. 

From this Table, we may already conclude that 
relatively low porosities are needed to obtain suffi- 
ciently low potential drifts. 

TABLE 1. Calculated membrane resistances, initial concentration variations and electrode potential drifts for porous silicon 
membranes. AKc, = 128 R-’ cm-‘mol-‘; D,, = 1.9 x IOW5cm2 s-l [9] 

R (W 

z (mol/l h) 

$ (mvih) 

v = 0.01 pl 

p =O.I% 

200 

0.026 

0.67 

p = 1.0% 

20 

0.26 

7.7 

p = 10% 

2 

v = 1.0 p1 

p =0.1% 

200 

0.0026 

0.067 

p = 1.0% p=lO% 

20 2 

0.026 0.26 

0.67 7.7 
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Microcavities 
To calculate the resistance of a microcavity 

containing a KC1 solution with concentration C, 
we have to consider three contributions 
-the bulk of the cavity 
-both openings in contact with an external solu- 

tion 
Since the opening at one side is usually much 
larger than the opening at the other side due to 
the anisotropic etching (angle a = 54.79, we can 
neglect the contribution of the larger opening to 
the total resistance, and only consider the small 
opening. 

Cavity bulk resistance 
For the bulk cavity resistance, we have to 

integrate over the resistances of areas ,4(x) with 
thickness dx (see Fig. 2(a)) 

d 

R s dx 
bulk = 

hwIW4 
x=0 

d 

I dx = 
Axe, C(Z, + 2x/tan a)* 

x=0 

1 

IO/2 + d/tan a > 
(5) 

Fig. 2. Illustration for the calculation of the cavity bulk 
resistance 

where Ax,, is the molar conductance of the KC1 
solution, 1, is the size of the small opening, and 
a = 54.7”. For I < d, formula (5) simplifies to 

R 
tan a 

b”‘k = 2Clr&c, 
(6) 

Cavity opening resistance 
The second contribution to the total resistance 

is given by the small contact area between the 
microcavity and the external contacting solution. 
To model this resistance, we consider the resis- 
tance of a hemispherical surface with radius r, and 
surface area 2nr*, from which radial diffusion into 
an infinite solution takes place. The resistance is 
now given by 

a, 

R 
1 

I 

dr 1 

Op = I\KCIC @ = 2x Axo, Cr, (7) 

10 

Taking r. = 1,/2, we obtain R = l/xA,,,Clo. Cal- 
culations with a rectangular model give similar 
results. Note that the contribution of the opening 
resistance is insignificant for the resistance of the 
porous silicon membrane. With these pores, the 
resistance is proportional to d/A, which means, 
with d fixed, proportional to l/r* if r is the pore 
width. With decreasing r, the resistance of the 
channel increases with r* whereas the opening 
resistance only increases with r. 

In Fig. 3 the separate contributions of Rbullr 
and Ropening to the total cavity resistance are 
shown. We observe that roughly l/3 of the total 
resistance is provided by the opening, whereas the 
bulk contributes 2/3 of the total resistance. Also 
we note that both expressions show a reciprocal 
dependence on 1,. For Z, 4 d we can simplify the 
expression for the total resistance, and obtain 

Rtot = 
1 tan a 1.025 

x Axe, Cl0 + 2Axc, Cl0 = m (8) 

Fig. 3. Cavity bulk-, cavity opening-, and total cavity-resis- 
tance as a function of the reciprocal cavity opening l/IO, in 1 M 
KCl. 
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TABLE 2. Calculated membrane resistances, initial concentration variations and electrode potential drifts for microcavities. 
A KC, = 128 Q-’ crne2 mol-‘; D,-,(H,O) = 1.9 x 10ms cm* SK’ [9]; D,,(hydrogel) = 4 x 10W8 cm* s-l [7] 

V=O.l /J V= 1.0/J 

k, (H,O) i0 (h.gel) 1, (H,O) &, (h.gel) 

10 pm 50pm 10 pm 50 pm 10 pm 50 pm 10 pm 50 pm 

R W-8 8.0 1.6 3800 760 8.0 1.6 3800 760 

$ (mol/l h) 0.68 0.0021 0.010 0.068 0.34 0.00021 0.0010 

$ (mvih) 29 0.052 0.26 1.8 10.7 0.0052 0.026 

This expression comes very close to the resistance 
of a cubic volume with sides I, and cross area lo2. 
It seems therefore reasonable to estimate the efflux 
of Cl- ions out of a cavity with volume V con- 
taining a 1 M KC1 solution to a KC1 free solution 
by calculating the flux through a cube with side lo, 
which is given by 

dc=L) 
dt 

AdC=D rC 
” V dx Cl 0 V (9) 

with a corresponding electrode potential drift of 

dE.tg,Agc, 
dt 

= -25.7 mV x &,I,, 5 
V 

For a hydrogel filled cavity, however, only the 
diffusion coefficient in the cavity is reduced, so 
that here the opening resistance must be omitted, 
and the above calculated estimations for the initial 
efflux and potential drift have to be multiplied by 
a factor of 1.47. In Table 2 the values of resis- 
tance, initial concentration loss, and electrode po- 
tential drift are listed for microcavities with 
different bulk volumes V. The effect of a reduced 
diffusion due to the addition of a hydrogel 
has also been calculated, using a value for the 
diffusion diffusion coefficient Dc, (hydrogel) = 
4 x lo-* cm2 s-’ as was found for p-HEMA by 
Margules et al. [7]. 

From these theoretical considerations, it can be 
concluded that for both types of micro reference 
electrodes a sufficiently low potential drift can be 
obtained, both with an internal volume of 0.1 ~1 
as well as with 1.0 ~1. In both cases, a measured 
electrode resistance in the order of 1 MR is re- 
quired to sufficiently limit the electrolyte flux. 

Experimental 

Porous Silicon Reference Electrode Fabrication 
Porous silicon layers (PSL) are fabricated in 

n-type, 4-6 R cm, (100) oriented, double sided 
polished Si wafers, by an electrochemical HF 

etching procedure. The same type of wafers is also 
used for CMOS ISFET fabrication. The first step 
of this process is the anisotropic etching of cavi- 
ties at the backside of the wafer in a 40% KOH 
solution at 60 “C using a S&N, mask as reported 
before [5]. Dummy wafers were used to determine 
the etch rate, and stop the etching at membrane 
thicknesses of 20 and 50 pm. After the membranes 
were formed, a protecting metallic masking layer 
for the HF etching was deposited on the front 
side. The mask was patterned to have openings of 
140 pm sided squares, aligned with the cavities at 
the other side. The mask sustained for several 
hours in the HF etching solution under electrical 
polarization without any visual damage. At the 
backside of the wafer, we used either an alu- 
minum contact layer, or contacted the buffer solu- 
tion directly to the backside of the wafer. 

For the formation of the PSL, the wafers were 
mounted in a specially constructed cell. In this 
arrangement a Viton O-ring ensures isolation of 
the HF etching solution, a Pt mesh is used as 
cathode, while either an Al ring or a Ag wire in 
the buffer solution is used to contact the Si anode. 
The Ag wire was used in the case of no aluminum 
contact layer. In this case, 0.5 M KC1 was added 
to the pH 7 buffer solution to obtain a more 
stable contact. 

Unlike in earlier experiments [5, lo], no extra 
illumination was used during the experiments. 
Light was omitted in order to be able to obtain 
layers with a sufficiently low porosity. It is known 
that the pore structure depends strongly on the 
type and doping of the silicon [ 11, 121. In moder- 
ately doped silicon (4-6 R cm) parallel pores are 
known to be formed, with relatively low porosity 
values, whereas under illumination a rather 
spongy PSL is formed with porosities between 20 
and 80%. 

The anodization was carried out under con- 
stant current conditions. As etching solutions 
mixtures of HF:H,O:i-PROP were used. The iso- 
propanol served to lower the surface tension in 
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order to avoid gas bubble formation at the sur- 
face. The end of the porous silicon formation is 
clearly indicated by a sudden drop in the simulta- 
neously recorded potential. Typically, we obtained 
etch rates of 0.5-1.0 pm/min. 

After the porous silicon formation, the wafer 
was taken out of the cell, rinsed thoroughly, and 
the molybdenum and aluminum layers were re- 
moved. The wafer was diced and the chips 
were mounted on a substrate with a Ti/Ag film 
(2000 8, Ag), chloridized during 30 s in a 0.1 M 
FeCl, solution. The encapsulation was carried out 
with epoxy. Filling of the microcavity was carried 
out under vacuum. For micro-polarization tests 
whole wafers or separate chips were placed be- 
tween two plates with cylindrical openings which 
were sealed with O-rings. 

Microcavity Reference Electrode Fabrication 
For the fabrication of the microcavities the 

same procedure as described above was followed. 
In this case, however, the anisotropic etching pro- 
ceeded through the total wafer thickness and the 
Si3N,/SiOz protection layer was removed at the 
opposite side by plasma etching in order to open 
the cavities. On one wafer, different opening sizes 
varying between approximately 5 and 50 pm were 
realized. The exact dimensions were defined by 
the thickness of the wafer and the mask used 
for the KOH etch. The cavities were completely 
reoxidized in order to avoid leakage currents 
through the silicon. Beside the large opening of 
the cavity, a Ti/Ag (2000 A Ag) layer was de- 
posited, and partly chloridized as described above. 
In some cases, hydrogels were added to the micro- 
cavity. 

In micro-polarization measurements, the sepa- 
rate chips were measured in the cell described 
above. For long-term drift measurements, samples 
without hydrogel were mounted, with the small 
opening up, on the earlier mentioned PCB with 
Ag/AgCl strip. With hydrogel, they were mounted 
on a PCB with a hole, aligned to the small open- 
ing of the cavity facing it. In this case, the Ag at 
the backside of the chip was bonded and con- 
nected to the gate of a MOSFET, mounted di- 
rectly beside it. In this way even very high 
impedance structures could be measured, al- 
though it should be remarked that, especially for 
such structures, a remarkable light sensitivity was 
observed, probably due to the presence of an 
intermediate AgO layer between the Ag and the 
AgCl [13]. 

Micro-polarization Tests 
Micro-polarization tests were carried out with 

the use of cyclic voltammetry to measure the 
resistance of the integrated reference electrode 

(IRE) and test the reversibility of the electrode. 
With a PAR potentiostat (model 273) a triangular 
waveform with varying amplitude was applied 
between the MRE and a Ag/AgCl wire, with a 
ramp of 5 mV/s. The amplitude was chosen to 
assure that the current, flowing through the IRE, 
was smaller than 0.1 PA in order to avoid irre- 
versibilities. The linearity of the Z-V curve as 
well as the absence of hysteresis was tested. Only 
those electrodes with sufficiently linear curves 
were further tested. All measured resistances were 
corrected for solution and electrode series resis- 
tances. 

Long-term Behavior 
In order to measure the electrolyte leakage out 

of the micro reference electrode, the electrodes 
were initially conditioned in a 1 M KC1 solution. 
During this conditioning the potential of the elec- 
trode was monitored versus a saturated calomel 
electrode (SCE) or a Ag/AgCl wire. When a 
combined MOSFET-micro reference electrode 
system was used, the MOSFET was measured 
with a source and drain follower circuit, working 
at Vds = 0.5 V and Id = 200 PA. All measurements 
were carried out at 25 “C except where stated 
otherwise. For direct measurements of the poten- 
tial of the micro reference electrode the high input 
impedance electrometer input of a PAR poten- 
tiostat (model 273) was used. After stabilization, 
the MREs were immersed in either 0.1 or 0.01 M 
KC1 solutions, and the potential variation in time 
was recorded. 

pH and KC1 Sensitivity Tests 
To test the sensitivity of the IREs to pH, 

separate pH buffers of pH 3, 5, 7, 9 and 11 were 
used (Merck). For the sensitivity to the KC1 
concentration, the immediate potential change of 
the MRE versus SCE was recorded after changing 
the solution from 1 to 0.1 to 0.01 M KCl. The 
order was also reversed to check the reversibility. 

Materials 
The chemicals used for testing the IREs were 

all analytical grade. The p-HEMA (poly-hydroxy- 
ethylmethacrylate) hydrogel was prepared by 
mixing HEMA and 4% photo initiator (dimeth- 
oxyphenylacetophenone), adding the mixture to 
the cavity and polymerizing the mixture under UV 
light during 60 s under exclusion of oxygen [2, 141. 
In some cases, 1 - 10% TEGDMA (tetraethylene- 
glycoldimethacrylate) were added as cross-linker. 
However, increasing the amount of TEGDMA 
increases the rigidity of the structure, which gives 
the risk of cleavage of the gel. After prepara- 
tion, the hydrogels were conditioned for 24 h in 
1 M KCl. 
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Results ad Discussion 

For porous silicon micro reference electrodes, 
the satisfying performance with respect to pH 
sensitivity and drift has already been outlined in an 
earlier paper [4]. We have therefore focused on the 
development of a reproducible fabrication technol- 
ogy on wafer scale. Porous silicon layers with 
membrane thicknesses of 50 and 20 pm are fabri- 
cated. The SEM photos, shown in Fig. 4, illustrate 
the structure of the formed pores in the silicon 
membranes. In Fig. 4(a) it is shown that the initi- 
ation of the pore formation occurs at the (110) 
axes. This is due to the blocking nature of the 
solution-Si interface, where the breakdown occurs 
at steps on the surface. In Fig. 4(b) it is shown 
that the pores are well aligned, perpendicular to the 
surface, with very little branching between the 

the pores. Figure 4(c) gives an indication of the 
very small pore size, approximately between 50 and 
200 A. It can also be seen that the structure of the 
silicon at the border of the pore has been changed 
due to chemical reactions. In Fig. 4(d) we see an 
interesting effect. Small crater-like depressions are 
created at the surface by the etching solution which 
is diffused through the pores that have penetrated 
the silicon membrane. However, in some of these 
depressions deposits are formed that obviously 
often close the pores. This phenomenon could be 
responsible for the fact that in several experiments 
the sudden potential drop indicating the penetra- 
tion of the membrane was clearly observed, while 
afterwards no electrical contact was obtained 
through the porous silicon membrane. Also, later 
experiments without aluminum contact layer did 
not show depressions containing these deposits. 

(4 

(4 
Fig. 4. SEM photos of PSL. (a) Pore initiation along <llO) axes. (b) Cross section of a PSL, showing aligned pores. (c) Magnikd 
view of one pore. (d) Depression formation and closure of the pores by deposits. 
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TABLE 3. Potential offset, resistance, pH sensitivity and sensitivity to KC1 of six different PSL on one wafer 

Membrane # 

V (mv)’ 
R WY 
d V/dpH 
dV/d[KCl] 

1 

-39.4 
380 

2 3 4 

-41.1 -43.2 -42.1 
430 20 200 

for all membranes: dV/dpH < 0.2 mV/pH 
for all membranes: - 1.5 f 0.5 mV/pKCl 

5 6 

-42.5 -41.2 
20 1300 

a In 0.1 M KC1 vs. SCE. 

We tested the homogeneity of the PSL over the 
wafer by measuring the resistance as well as the 
potential offset versus a SCE electrode of six 
different membranes aligned on the wafer. The 
results, as shown in Table 3, indicate that the 
resistance is rather inhomogeneous, whereas the 
potential offset, pH sensitivity and sensitivity to 
varying KC1 concentrations are reproducible. Two 
main reasons are responsible for the observed 
resistance variation. The first is that the pore 
initiation is poorly controlled, so that often some 
membranes are already completely etched 
through, whereas others are still not pierced. The 
second argument is that due to this quick perfora- 
tion of a few pores in combination with the 
constant current conditions, the applied potential 
drops to low values (the liquid junction potential 
between the two solutions) so that pore growth is 
almost stopped in the other pores. Here, a com- 
bination of initially applying constant current, 
followed by constant potential conditions could 
be a solution. The wafer taper obviously does not 
influence the pore formation, since the completely 
etched membranes are randomly divided. 

For the microcavity reference electrodes, we 
verified the theory described above by measuring 
the resistances of microcavities with different 

o 1 MKCI (Id01 

x 0.1 MKCI (10'0) 

. 0.01 M KCI (10'0) 

, 2 3 4 5 6 7 9 9 
lfl (lOO/pm) 

Fig. 5. Measured resistance variation of open cavities for For microcavities with a smaller opening size 
different cavity openings at three different KC1 concentrations. Z,,, it is shown that the resistance is proportional to 

openings in 1, 0.1 and 0.01 M KC1 solutions. The 
results (see Fig. 5) indicate that there is indeed a 
r/&, dependence of the resistance. Also, the slopes 
of the lines for different KC1 concentrations differ 
by almost a factor 10, as is theoretically predicted. 
For microcavities with an internal volume of 
about 0.5 ~1, filled with pHEMA, preliminary 
experiments resulted in 200-400 times higher re- 
sistances than the open pores, in a 1 M KC1 
solution. The initial drift, which was theoretically 
expected to be decreased by the same factor, was 
reduced only by a factor of c. 100, yielding a value 
of about 1 mV/h, for a cavity opening of 130 pm. 
The discrepancy between these two data may 
partly be attributed to the formation of small air 
bubbles in the p-HEMA, which is occasionally 
observed after polymerization, and partly to the 
uncertainty in the volume occupied by the hy- 
drogel. Nevertheless, we may conclude that in 
comparison with Table 2 we have obtained a 
somewhat lower reduction in the diffusion con- 
stant, approximately 100 instead of 500. The elec- 
trochemical performance of the p-HEMA filled 
microcavities was satisfactory: less than 2 mV 
variation over the range pH 3- 11, and 
-2 + 0.5 mV/pKCl, with an offset voltage of 
-42 f 1 mV versus SCE in 1 M KCl. The long- 
term variations of the electrode were random, and 
less than 5 mV over 64 h. 

concl~ons 

We have demonstrated that it is possible to 
fabricate PSL with low porosities on whole 
wafers. Although the electrochemical performance 
of reference electrodes using these layers is very 
good, the non-uniformity of the membranes over 
the wafer combined with the relatively compli- 
cated fabrication process makes this approach not 
yet easily applicable. Further research in the direc- 
tion of a mixed galvanostatic/potentiostatic tech- 
nique will have to be carried out to arrive at a 
higher uniformity. 
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l/l,, instead of l/l,’ in the case of pores with a 
fixed width I,,. The p-HEMA-filled microcavities, 
which were studied as an alternative to the PSL 
based reference electrodes, have the advantage of 
a very simple fabrication process. According to 
the results, a drift rate as low as 0.1 mV/h is 
readily achievable by decreasing the cavity open- 
ing to 10 pm. Much smaller openings are proba- 
bly difficult to control with this technique, so that 
further improvement will have to be found in an 
optimization of the polymerization of the p- 
HEMA or the choice of other hydrogels. 
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